Introduction
============

Obesity, the excess accumulation of adipose tissue in the body, is a major public health problem in developed and developing countries.[@R1]^,^[@R4] To confront this challenge, a thorough understanding of the differentiation process as well as the regulation mechanisms is of critical importance.[@R5]^-^[@R8] To characterize the essential factors in this process, extensive investigations have been performed in the past decades, using various in vitro and in vivo model systems. Among these, the mouse pre-adipocyte 3T3-L1 cell line, which was established in 1974, is the best characterized and most useful in vitro model.[@R9] Using a standard hormone cocktail, this cell line is readily induced into adipogenesis and finally differentiates into mature adipocytes during a course of \~21 d. With the help of this and other model systems, a number of regulatory factors have been characterized in adipogenesis, such as peroxisome proliferator-activated receptor gamma (PPARγ) and CCAT/enhancer-binding protein α (C/EBPα).[@R5]^-^[@R8]^,^[@R10]^,^[@R11] This list is however far from complete because only limited numbers of downstream genes have been characterized as being regulated by these two so-called master regulators in adipogenesis.

Owing to the recent progress in nucleic acid-based high-throughput technology, this situation has been changing. In a number of genome-wide profiles of PPARγ binding sites and chromatin states in adipogenesis, tens of thousands of potential transcription sites have been identified.[@R12]^-^[@R15] Further ChIP-seq studies indicated that over 70% of them are located in intronic as well as intergenic regions, strongly suggesting that these non-coding RNAs are integrated in the regulation pathway PPARγ.[@R12]^,^[@R15]

To further characterize the essential factors, in particular the large intergenic transcripts in adipogenesis, we performed a large-scale investigation of polyA-minus transcripts during the induced differentiation of 3T3-L1 cells, a well-established in vitro model system for adipogenesis, and the most characterized model system is the induced differentiation of pre-adipocyte 3T3-L1 cells. Upon defined hormonal induction, the cells are induced into adipogenesis and progress to a terminal stage where most cells are filled with lipid droplets and respond to physiological signals.

Results
=======

Induced adipogenesis model system
---------------------------------

To this end, MDI-induced differentiation of 3T3-L1 cells was performed and the expression of polyA-minus RNAs was profiled at three critical time points during the process, so as to reveal its dynamic properties. The first RNA sample was taken one day before the induction and the other two samples were subsequently taken at day 14 and day 21 after the treatment, representing pre-adipocytes, differentiating adipocytes and mature adipocytes respectively.

To monitor the progress of differentiation, the production and accumulation of lipid were examined by Oil Red O staining ([Fig. 1A](#F1){ref-type="fig"}), and the expressional levels of PPARγ and CEBPα were measured by quantitative RT-PCR ([Fig. 1B](#F1){ref-type="fig"}). At day 21, more than 54% of cells are found with lipid accumulation ([Fig. 1A](#F1){ref-type="fig"}; [**Fig. S1D**](#SUP){ref-type="supplementary-material"}), and led to elevated expression of PPARγ and CEBPα. Consistent with previous reports,[@R16]^-^[@R20] a synchronous differentiation process was demonstrated in the study, showing that the model system fulfills the functional criteria of adipocyte differentiation.

![**Figure 1.** In vitro adipogenesis and RNA sequencing. (**A**) Oil Red O staining of 3T3-L1 cells during adipogenesis. After the induction of differentiation (day 0), cultured cells are sampled at the indicated time points and stained with Oil Red O. For each time point, the numbers of the lipid-accumulated and lipid-unaccumulated cells were determined by visual check. The ratios of lipid-accumulated cells vs. lipid-unaccumulated cells are 0, 0.32 and 1.22 for day 0, day 14 and day 21. (**B**) Expression levels of PPARγ and CEBPα measured by RT-qPCR. Expression is plotted as fold-change relative to day 0 (mean ± sd). (**C**) Reads-mapping in different RNA categories. (**D**) RNA-seq data location and classification on mice genome (MM9). (**E**) Conservation analysis. Mean phastCons score, an empirically cumulative distribution of mean phastCons value, is used to evaluate the conservation of TARs. RefSeq mRNA exon, red; RefSeq mRNA intron, blue; RefSeq non-coding RNA intron, pink and RefSeq non-coding RNA intron, green. X axis indicates phastCons score and Y axis indicates the cumulative frequency. (**F**) Coding potential analysis. CPC (coding potential calculator) are used to evaluate the coding potential of TARs. The density plot of the CPC coding potential score is showed in red for RefSeq mRNA, in blue for RefSeq ncRNA and in black for novel intergenic TARs. X axis indicates CPC coding potential score and Y axis indicates the density.](rna-10-990-g1){#F1}

Enrichment of polyA-minus transcripts and RNA-seq
-------------------------------------------------

To systematically discover essential polyA-minus RNAs in 3T3-L1 differentiation, a negative selection protocol was used to first isolate them from total RNA samples ([**Fig. S1A**](#SUP){ref-type="supplementary-material"}).[@R21] With this, the abundant 18s and 28s rRNAs were depleted by sequence-specific and biotinylated DNA oligonucleotides, followed by removal of polyA-plus as well as small RNA transcripts using oligo(dT) probe and size fractionation. For proof of the depletion, the remaining amounts of rRNAs and mRNAs were visually checked ([**Fig. S1B**](#SUP){ref-type="supplementary-material"}) and then quantified by RT-qPCR ([**Fig. S1C**](#SUP){ref-type="supplementary-material"}). While no discernible rRNA bands were seen in the gels, quantitative measurements indicated that less than 2%, 7% and 13% of the original β-actin, 18s and 28s rRNA, respectively, remained in the processed samples, demonstrating efficient RNA depletion ([**Fig. S1**](#SUP){ref-type="supplementary-material"}).

Using this approach, polyA-minus RNA fractions were isolated from total RNA samples obtained from 3T3-L1 cells at three differentiation stages (days 0, 14 and 21 after induction). From those, RNA-seq libraries were generated by RNA fragmentation, random hexamer-primed cDNA synthesis, linker ligation and PCR amplification. Using an Illumina genome analyzer platform, each library was sequenced in an independent lane.

Reads mapping and bioinformatics analyses
-----------------------------------------

In total, 36.8 million reads of 40 nt were obtained, comprising 14.7 million from pre-adipocytes, 13.9 million from differentiated adipocytes and 8.2 million from mature adipocytes ([Fig. 1D](#F1){ref-type="fig"}). Seventy-six percent of the reads (28 million) were mapped to the reference mouse genome (NCBI37/mm9), using TopHat.[@R22] These reads were then filtered against rRNAs and other repeated sequences, and finally resulted in a high-confidence set comprising 5.02 million uniquely mapped reads. Seven percent of the high-confidence reads was mapped to the exons of Refseq genes, while the others mapped to non-coding genome regions. Reads mapped to the non-coding regions were further classified into subgroups located in the introns of Refseq genes (36%), known non-coding genes (4%) and intergenic regions (53%) ([Fig. 1C](#F1){ref-type="fig"}).

To further evaluate the experiment procedure and the data analysis, reads-mapping to several known polyA-minus transcripts were examined. *Hist2h4* encodes a 348-bp histone transcript lacking a polyA tail, while *MALAT-1* encodes a tumor-associated long intergenic non-coding RNA of 6.9 kb. Reads-mapping revealed a concentrated distribution on these two transcription regions, but not on the flanking areas ([**Fig. S2**](#SUP){ref-type="supplementary-material"}). These results therefore confirmed the enrichment process on the one hand, and on the other hand, indicated that the reads originated from authentic RNA transcripts. Distinct from the regulated nature of many polyA-minus transcripts, relatively consistent expressional levels were found for histone transcripts across the course of differentiation, reflecting their essential roles in the cells.

The reads mapped to intergenic regions were of particular interest, because they might represent novel transcription regions in adipogenesis. As the first step to characterize these regions, their evolutionary conservation and coding potential were analyzed. Similar to the previously identified large intergenic non-coding RNAs,[@R23]^-^[@R24] intermediate conservation levels and low coding potential relative to the other transcript categories were found for these regions ([Fig. 1E and F](#F1){ref-type="fig"}).[@R25]^-^[@R31]

Regulated expression profiles
-----------------------------

To accurately define the boundaries of these intergenic transcription regions, reads-assembly was performed using two parameters: the maximum spacing between two neighboring reads, and the minimum number of mapped reads within a genomic region. Taking the stringent criteria of maximum spacing of 150 nucleotides and 10 mapped reads, a set of 1,406 independent transcriptionally active regions (TARs) was confidently identified (Table S1).

A remarkable property of RNA-seq is that it allows for precise quantification of transcriptional activity on a genome-wide scale. To this end, the expressional levels of the TARs were calculated in terms of RPKM (reads per kilobase of transcript per million mapped reads). When the expression levels were profiled relative to the differentiation stages, a dynamic pattern was revealed. Compared with their levels in pre-adipocytes, 179 TARs were upregulated and 61 were downregulated in differentiating adipocytes. After the cells progressed further to mature adipocytes, 698 TARs were upregulated and 106 were downregulated relative to their expression levels in differentiating adipocytes. The distinct expression patterns categorized these TARs into several subgroups, suggesting their diverse functions in adipogenesis ([**Fig. S3**](#SUP){ref-type="supplementary-material"}). Considering their induction property during the process, the upregulated subgroup was selected to be further studied ([Fig. 2A](#F2){ref-type="fig"}). The relevance of a number of randomly selected TARs to adipogenesis was further demonstrated by the consistent expression profiles resulting from RT-qPCR ([Fig. 2B](#F2){ref-type="fig"}).

![**Figure 2.** Regulated expression of TARs. (**A**) Expressional profiles of a subgroup of TARs. X axis, the three time points of RNA-seq samples; Y axis, the RPKM value of the TARs. In this subgroup, 36 TARs are continuously upregulated from day 0 to day 14, and to day 21. UU indicates the expression level of the TARs is upregulated from one time point to the next. (**B**) Expression levels measured by qRT-PCR. The expression levels of several TARs ranging from 500--1,200 bp are quantified at days 0 and 21. Open bars, expression levels on day 0; filled bars, expression levels on day 21. For each TAR, the data are first normalized to an internal control, and then to its respective level on day 0. The expression level of PPARγ is included as a differentiation control, and another annotated non-coding RNA, GAS5, is included as a processing control. (**C**) Distribution of RNA-seq reads. The sites for PPARγ binding and Pol II occupancy in an identified large intergenic transcription region are presented. RNA-seq data and reference data[@R15]^,^[@R25] are viewed in UCSC genome browser for the RNA-seq reads locus on day 0 (red peak) and day 21 (blue peak) locus on PolII tracks (black band) and PPARγ tracks (dark blue peak). (**D**) Tissue-specific expression profile. Expression levels of a few TARs are determined by RT-PCR in mouse heart, liver, lung, kidney, brain, fat, skeletal muscle and intestine. slincRAD-A is represented by TAR-slincRAD-A~3~ (TAR-61) and TAR-slincRAD-A9 (TAR-67), slincRAD-B is represented by TAR-slincRAD-B~26~ (TAR-104) and TAR-slincRAD-B~38~ (TAR-116) and slincRAD-C is represented by TAR-slincRAD-C~1~ (TAR-157). β-actin and PPARγ are included as RNA quality and differentiation controls.](rna-10-990-g2){#F2}

Fat tissue-specifically intergenic transcription regions in mature adipocytes
-----------------------------------------------------------------------------

Further investigation was then focused on the previously uncharacterized TARs. Chromosome-wide distribution showed that in mature adipocytes, 10% of the TARs (146 TARs) were mapped to chromosome 10. And to our surprise, 94% of them clustered in three large intergenic transcription locus, spanning a genomic region of 10.3 Mb in total ([Figs. 2C](#F2){ref-type="fig"} and [3B](#F3){ref-type="fig"}; [**Figs. S6 and S7**](#SUP){ref-type="supplementary-material"}). The first locus spans a genomic region of 33 kb (chr10:106655739-106688478) and is composed of 11 TARs; the second locus spans a region of 91.2 kb (chr10:116823862-116915327) and is composed of 42 TARs; and the third locus spans a region of 13.6 kb (chr10:117,026,569-117038309) and is composed of three TARs. During the course of differentiation, the expression levels of these loci were upregulated more than 19-fold in terms of RPKM, suggesting critical roles in adipogenesis as well as in mature adipocytes.

![**Figure 3.** Characterization of super-large intergenic RNA transcription. (**A**) Developmentally orchestrated expression of three long intergenic transcription regions. Expression levels of the representative TARs in three large intergenic transcription loci (slincRAD-A, slincRAD-B and slincRAD-C) are examined in the presence or absence of MDI induction. Treated and untreated cells are harvested at the time points indicated, and their RNA levels are measured by qRT-PCR. The data are normalized to the expression level at day 0 and presented as mean ± sd. PPARγ is included as differentiation control. Error bars are plotted for all samples at all the time points; however, some of them are too small to be seen. (**B**) Co-repression assay leads to the identification of the full-length slincRAD gene. siRNAs targeting different genomic loci are individually transfected into cultured 3T3-L1 cells one day before MDI induction. Two days after the second transfection, cells are harvested and the expression levels of the TARs are determined using RT-qPCR. Left panel, positions of the siRNAs; right panel, expression levels of the TARs normalized to Lamin A/C control and presented as mean ± SD; low panel, genomic configuration of slincRAD. (**C**) Using RT-PCR, the presence of slincRAD transcripts is examined in polyadenylated and non-polyadenylated RNA fractions. β-actin and PPARγ are presented as polyadenylated RNA controls. slincRAD-A is represented by TAR-slincRAD-A~3~ (TAR-61), slincRAD-B is represented by TAR-slincRAD-B~38~ (TAR-116)~.~ (**D**) Transcription orientation of slincRAD determined by strand-specific RT-PCR. (**E**) Nuclear distribution of slincRAD RNAs. RT-PCR was performed with nuclear and cytoplasmic RNA fraction respectively. As a snRNA control, U6 expressed in nuclear RNA fraction specifically, and β-actin and MALAT1 mainly distributed in both cytoplasm and nucleus. slincRAD-A is represented by TAR-slincRAD-A~3~ (TAR-61), slincRAD-B is represented by TAR-slincRAD-B~38~ (TAR-116), and slincRAD-C is represented by TAR-slincRAD-C~1~ (TAR-157). (**F**) Silencing activity of siRNAs targeting potential transcripts derived from the plus and minus genome region of slincRAD. The data are normalized to a sequence irrelevant siRNA (NC-siRNA).](rna-10-990-g3){#F3}

Upregulation of the TARs in adipogenesis in vitro led us to speculate that they might also be implicated in the development of fat tissue in vivo. Therefore, the expression levels of a few selected TARs were measured in diverse mouse tissues ([Fig. 2D](#F2){ref-type="fig"}; [**Fig. S4**](#SUP){ref-type="supplementary-material"}), using RT-qPCR. Three male BALB/c mice of eight to 10 wk and weighed 18--22 g at the time of the study were used. RNA samples were extracted from the pooled tissues obtained from the mice and used in the assay. As expected, a fat tissue-specific expression profile was shown for the tested TARs ([Fig. 2D](#F2){ref-type="fig"}). Interestingly, this unique pattern was also shared by PPARγ, which leads further support to their roles in fat tissue development.

To closely monitor the expression regulation of these regions during early differentiation, a few representative TARs were selected and their expression levels were measured at eight time points, starting from day 0. Using quantitative RT-PCR, their expression levels were measured in both MDI-treated and -untreated cells, and the changes in expression were calculated relative to day 0 ([Fig. 3A](#F3){ref-type="fig"}). Consistent with our and others' studies,[@R32] the levels of PPARγ increased steadily at the initiation stage and displayed a dynamic regulation. As expected, this regulation profile was shared by the tested TARs. This confirmed our earlier observations and further suggested a co-regulation of these transcripts.

Co-regulation of these transcripts as well as their genomic proximity led us to speculate that they may derive from a single transcript. To test this hypothesis, a number of siRNAs were designed to target different TARs of the three large intergenic transcription loci. When a siRNA targeting a specific TAR within a transcription locus was used, expression levels of TARs in the other transcription loci were also examined, together with the desired target. Interestingly, parallel repression of all three transcription loci were observed for 11 active siRNAs, indicating that these TARs are derived from a single super-long intergenic RNA transcript with a calculated size of 136 kb, which plays a critical role in adipogenesis ([Fig. 3B](#F3){ref-type="fig"}; [**Fig. S5**](#SUP){ref-type="supplementary-material"}). This gene was therefore named "slincRAD" to indicate that it is a super-long intergenic non-coding RNA functioning in adipocyte differentiation.

To further verify that slincRAD transcripts are indeed non-polyadenylated, oligo-dT pull-down assays were performed to separate the polyadenylated and non-polyadenylated RNA fractions from 3T3-L1 total RNA. The presence of slincRAD in these two fractions was examined using RT-PCR, showing that slincRAD transcripts are distributed mostly in the non-polyadenylated RNA fraction ([Fig. 3C](#F3){ref-type="fig"}).

Transcription orientation and subcellular localization of slincRAD
------------------------------------------------------------------

To determine the transcription orientation of slincRAD, a number of PCR primer sets were designed across the whole length of the transcript. Transcription from the genome plus-strand was detected by reverse transcription using downstream primer, followed by PCR amplification using both upstream and downstream primers. In the same way, transcription from the genome minus-strand was detected by reverse transcription using upstream primer. As shown in [Figure 3D](#F3){ref-type="fig"}, transcription from the plus-strand was detected by all the PCR sets, while only one assay detected a weak transcription from the minus-strand. In addition to the strand-specific RT-PCR assays, strand-specific siRNAs were also designed to target the plus- or the minus-strand. Cell assays showed that siRNAs targeting the plus-strand transcription, but not the minus-strand transcription effectively repressed the expression of slincRAD ([Fig. 3F](#F3){ref-type="fig"}). These data therefore led to the conclusion that slincRAD RNA is transcribed from the plus strand of chromosome 10 in mouse.

In contrast to mRNAs and small non-coding RNAs that function mainly in the cytoplasm, super-long RNAs such as Air or Xist function mainly within the nucleus, exerting their physiological activities by chromatin modification and transcriptional regulation. To characterize the cellular distribution of slincRAD RNA, the nuclear and cytoplasmic RNA fractions were individually isolated, using an RNA purification kit from Ambion. By means of previously established RT-PCR assays, the abundance of slincRAD was measured in RNA samples from nucleus and cytoplasm, showing that slincRAD RNAs are distributed mainly in the nucleus ([Fig. 3E](#F3){ref-type="fig"}).

Functions of slincRAD in adipogenesis and potential roles in human pathogenesis
-------------------------------------------------------------------------------

To address whether PPARγ also functions to regulate the expression of slincRAD, the genomic locations of PPARγ-binding sites were extracted from public data sets[@R12]^-^[@R15] and mapped relative to slincRAD. The results showed that \~20% of the TARs lay in close proximity to the binding sites of PPARγ within a flanking range of 5 kb ([Fig. 2C](#F2){ref-type="fig"}; [**Figs. S6 and S7**](#SUP){ref-type="supplementary-material"}). Furthermore, a total of 7,218 PPARγ binding sites were captured on day 6 after MDI treatment in one of the study,[@R15] which translates into an average of 0.027 binding sites per 10 kb genome sequence. However, more than 40 PPAR binding sites are found to locate in slincRAD transcript region of 138 kb, on average 2.89 binding sites per 10 kb sequence. These data together suggest that the expression of slincRAD is likely under the regulation of PPARγ, the master regulator of adipogenesis.

These lines of evidence led to a speculation that slincRAD might be involved in the induced differentiation of 3T3-L1 cells. To this end, its influence on adipogenesis was evaluated by gene-silencing assay, using slincRAD-specific siRNAs. Six effective siRNAs were used to silence slincRAD expression in cultured 3T3-L1 cells, and their effects on lipid accumulation were visualized by Oil Red O staining. In brief, 3T3-L1 cells were grown in DMEM culture medium and subjected to twice siRNA transfection, before and after MDI treatment. Nine days later, the cells were harvested and subjected to Oil Red O staining to visualize cellular accumulation of lipid ([Fig. 4A](#F4){ref-type="fig"}), a well-documented adipogenesis index. Quantitative analysis indicated that in comparison to the untreated control and scramble siRNA-treated cells, some siRNAs potently decreased the amount of lipid accumulation in differentiated adipocytes ([Fig. 4B](#F4){ref-type="fig"}), while the proliferation of the cells was not affected ([**Fig. S8**](#SUP){ref-type="supplementary-material"}). In particular, siRNA-17 treatment caused a 70% reduction in lipid accumulation.

![**Figure 4.** Function analyses of slincRAD. (**A**) Oil Red O staining of siRNA-treated and untreated cells. In brief, 3T3-L1 cells were grown in DMEM culture medium and subjected to the first siRNA transfection two days before MDI treatment (day 1). At the same day of MDI treatment, a second transfection of the same siRNA was performed. At day 9, the cells were harvested and subjected to Oil Red O staining, to visualize the lipid accumulation within the cells. Control, cells without MDI induction and siRNA treatment; Mock, cells with only MDI induction; NC-siRNA, cells with MDI induction and a sequence irrelevant siRNA treatment; siRNA1-siRNA17, cells treated with MDI induction and slincRAD-specific siRNA treatment. (**B**) Quantification of Oil Red O staining. The images of Oil Red O staining cells are taken and the staining intensities are quantified by means of examining their gray scale, using ImageJ (<http://imagej.nih.gov/ij/>). To remove the background staining, the staining intensity of untreated cells is first subtracted from that of MDI-treated cells. The intensities of siRNA-treated cells are then normalized to the intensities of the mock treatment, and further normalized to the number of the cells to show the effect of siRNA treatment on cell differentiation. The statistics are calculated with t-tests (\*, p \< 0.05 relative to NC-siRNA control). (**C**) A literature search on the homologous human genomic region of slincRAD is performed and results in 81 hit publications. These publications are presented in term of the underlying human disorders. X axis, human disorders; Y axis, the number of the publications.](rna-10-990-g4){#F4}

In addition to lipid accumulation, the differentiation process was further confirmed by the changes of a master adipogenesis marker, PPARγ. In which, a randomly picked siRNA targeting slincRAD, as well as a scramble siRNA, were transfection into cultured cells and their effects on PPARγ levels during the differentiation were examined by RT-qPCR ([**Fig. S9**](#SUP){ref-type="supplementary-material"}). The results showed that, in addition to delay the differentiation progress as indicated by lipid accumulation ([Fig. 4A and B](#F4){ref-type="fig"}), siRNA-14 treatment led to reduced levels for both PPARγ and slincRAD, in comparison to the scramble siRNA treatment. Taken together, these results demonstrate that slincRAD is a contributing factor in adipogenesis.

To further pursue its implications in human pathogenesis, a comparative genomics approach was used. Even though lncRNA genes evolve fast in sequence level, their genome loci are mostly conserved.[@R33] Therefore, the homologous human genomic region of mouse slincRAD was determined, and its potential involvement in human pathogenesis was characterized by literature search. To do this, we first identified the flanking protein-coding genes of slincRAD in mouse genome: the upstream protein-coding gene is Cpsf6 and the downstream gene is Cpm. Then, their homologous human counterparts were determined to be located at q15 in chromosome 12 of human genome. Using these flanking genes as landmarks, homologous genomic region of slincRAD was identified in human ([**Fig. S10**](#SUP){ref-type="supplementary-material"}). To further characterize potential involvement of the human homologous region in pathogenesis, a literature search was performed in NCBI database. In total, 81 publications investigating this region were retrieved. As shown in [Figure 4C](#F4){ref-type="fig"}, the identified human homologous region is extensively implicated in human pathogenesis and associated with the development or malfunction of fat tissue, such as lipomatous tumor, uterine leiomyo-osteosarcoma and type II diabetes ([Fig. 4C](#F4){ref-type="fig"}), therefore disclosing a relationship between slincRAD and human pathogenesis.

Discussion
==========

The genome is expressed through transcription, generating different classes of RNA species. A major goal of transcriptome studies is to identify all the transcripts at the sequence level and characterize their physiological and pathological activities; this has been very successful for the polyA-plus fraction due to the presence of 3′ polyA tails. However, only limited knowledge has been accumulated for the polyA-minus RNA fraction, even though their prevalence in eukaryotic cells has been demonstrated by increasing evidence. This situation is largely attributed to the technical difficulty involved in the isolation and characterization of polyA-minus transcripts. Unlike polyA-plus RNAs, there is no known consensus sequence or common structure for polyA-minus RNAs. To overcome this obstacle, a negative selection strategy was recently developed to enrich polyA-minus transcripts by systematically depleting the abundant rRNAs and mRNAs. Taking advantage of this method, the expression and regulation of polyA-minus transcripts in adipocyte differentiation were systematically investigated in the present study, using a RNA-seq platform. By coupling the ribo-depletion procedure with massive-scale RNA sequencing technology, our approach offers the possibility of detecting previously uncharacterized actively transcribed genomic regions.

Focusing on the polyA-minus transcriptome in adipogenesis, we generated RNA-seq libraries from cultured 3T3-L1 cells at different stages of differentiation, namely pre-adipocytes, differentiated adipocytes and mature adipocytes. Sequencing these libraries using an Illumina genome analyzer platform led to the identification of 11.03 million uniquely mapped reads in total, enabling us to systematically identify and characterize polyA-minus transcripts during the process. These reads were then mapped to the mouse genome and filtered against rRNAs and other repeated sequences, finally resulting in a high-confidence data set comprising 5.02 million uniquely mapped reads. As expected, \~93% of the reads were mapped to non-coding genome regions, such as the introns of Refseq genes, known non-coding genes and intergenic regions. Reads mapped to the intergenic regions were of particular interest to us, because they might represent novel transcription positions in adipogenesis. Using a stringent criterion for independent transcriptional regions, a set of 1,406 novel intergenic transcriptionally active regions were identified. In mature adipocytes, 10% of the TARs were unexpectedly mapped to chromosome 10. And more surprisingly, 94% of these reads clustered in three large intergenic transcription regions, covering a genomic span of 10.3 Mb.

In addition to identifying thousands of intergenic transcription regions, this comprehensive data enabled us to further capture the dynamic changes of polyA-minus transcripts as development proceeded. This property might also apply to other differentiation and developmental processes. This is an intriguing finding in light of the fact that numerous lncRNAs have been shown to interact with repressive chromatin-modifying complexes. The polyA-minus RNAs expressed at the early stage of differentiation might also have important roles in cell fate decisions, differentiation and organogenesis.

In summary, we generated RNA-seq libraries from cultured 3T3-L1 cells at different differentiation stages, focusing on the polyA-minus RNAs. By using an Illumina genome analyzer platform, sequencing these libraries identified a set of 1,406 novel intergenic TARs. In mature adipocytes, 10% of the TARs were surprisingly mapped to chromosome 10 in the mouse genome. And more interestingly, 90% of the TARs that mapped to chromosome 10 clustered in three large intergenic transcription loci, spanning 10.3 Mb. Further studies of these TARs led to the identification of a super-long intergenic transcript named slincRAD, which was shown to be involved in adipogenesis and fat tissue-related pathogenesis. In addition, our study provided a comprehensive annotation of polyA-minus RNA transcripts during adipogenesis. Their dynamic changes suggest that they are implicated in either the differentiation regulation or functionality of fat tissue, revealing novel insights into the mechanisms of in vitro and in vivo adipogenesis. Furthermore, our study provides a generally applicable strategy to characterize novel noncoding RNAs in various biological processes.

Materials and Methods
=====================

Ethics statement
----------------

Animals were maintained in the Center for Experimental Animals (an AAALAC accredited experimental animal facility) at Peking University. All procedures involving animals were performed in accordance with protocols approved by the Committee for Animal Research of Peking University, and conformed to the Guide for the Care and Use of Laboratory Animals (NIH publication No. 86-23, revised 1985).

Oligonucleotides
----------------

DNA oligonucleotides were from Invitrogen. RNA oligonucleotides were from RiboBio.

Cell culture and MDI treatment
------------------------------

3T3-L1 pre-adipocytes were grown in DMEM supplemented with 10% bovine serum. Adipogenesis was induced as previously described. In brief, 2 d after the cells reached confluence (day 1), they were induced to differentiate by changing the culture medium to DMEM supplemented with 0.5 mM 3-isobutyl-1-methyxanthine (Sigma), 1 μM dexamethasone (Sigma) and 167 nM insulin (Sigma). At the end of day 2, culture medium was replaced with DMEM supplemented only with 167 nM insulin; at the end of day 4, insulin was withdrawn and the cells were allowed to grow in DMEM throughout the rest of the experiment. At each time point, the cells were collected by washing three times with ice-cold PBS and then stored at -80°C until further processing.

Oil Red O staining
------------------

Oil Red O staining was performed to monitor the progression of adipocyte differentiation as described.[@R26] Briefly, cells on days 0, 14 and 21 were washed three times with ice-cold PBS and fixed in 3.7% formaldehyde for 2 min, then incubated with Oil Red O reagent for 1 h at room temperature and washed with water. Oil red O reagent (0.5%) was prepared in isopropanol by mixing with water at a 3:2 ratio and filtering through a 0.45-μm filter. The stained fat droplets in the cells were visualized by light microscopy and photographed. To quantitatively analyze the Oil Red O staining, images are taken and the intensities are quantified by means of examining their gray scale, using ImageJ (<http://imagej.nih.gov/ij/>). To remove the background staining, the staining intensity of untreated cells is first subtracted from that of MDI-treated cells. The intensities of siRNA-treated cells are then normalized to the intensities of the mock treatment, and further normalized to the number of the cells to show the effect of siRNA treatment on cell differentiation.

PolyA-minus RNA preparation and RNA sequencing
----------------------------------------------

Total RNAs were isolated from cultured cells using an RNApure^TM^ kit (Biomed). Eight micrograms of purified RNAs was subjected to sequential depletion of rRNA, mRNA and short RNA species with an rRNA depletion kit (Jianchengda Inc.), resulting in a pool of polyA-minus RNAs. The cDNA libraries were prepared starting from 2 µg of polyA-minus RNAs using random hexamer priming (Invitrogen). It must be noted that the reverse-transcribed double-stranded cDNA fragments do not preserve information about the strand specificity of the original transcript. The Illumina sequencing libraries were prepared according to the single-end sample preparation protocol. The libraries were sequenced using the 1G Illumina genome analyzer.

Bioinformatics analysis
-----------------------

The obtained reads were first mapped on the mouse reference genome (mm9) using the TopHat program (v1.2.0). Reads mapped to house-keeping genes were then filtered against the RepeatMask and Ensembl gene sets, which resulted in the identification of novel intergenic transcription regions. For each transcription region, an RPKM value was calculated to quantify its expressional abundance and variations, using cufflinks v1.0.3.

To evaluate the evolutionary conservation of TARs, the phastcons scoring method developed by UCSC was used. Phastcons is based on the whole genome alignment of 30 vertebrates and gives every nucleotide a score to reflect its probability of belonging to a conserved element. To evaluate the coding potential of each transcription region, a CPC (coding potential calculator) assay was performed.

qRT-PCR assay
-------------

cDNA was synthesized with SuperScript II (Invitrogen) and qPCR was performed using SYBR Green PCR mix. Relative expression values were calculated ^(ΔΔ^CT method) using GAPDH or β-actin as an internal control.

RNAi assay
----------

To knock down slincRAD, siRNAs were individually transfected in the following steps: Cells were seeded at a density of 10,000 cells/well in 1 ml of growth medium one day before transfection. Individual siRNA targeting slincRAD or scrambled control siRNA was transfected, using lipofectamine2000 (Invitrogen). Lipofectamine/siRNA complexes were formed in 0.2 ml of serum-free Opti-MEM reduced serum medium (GIBCO) for 10 min at room temperature and then added to each well. Cells were cultured for two more days until they reached confluence and subjected to MDI treatment (day 1). At the same day, a second transfection was performed.
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###### **Table 1.** RT-PCR primer sets

  -------------------------------------------- --------------------------------------------
  β-actin                                      Forward primer: 5′-GAAGAGCTATGAGCTGCCTGA
  Reverse primer: 5′-CTCATCGTACTCCTGCTTGCT     
  PPARγ                                        Forward primer: 5′-AAGAGCTGACCCAATGGTTG
  Reverse primer: 5′-ACCCTTGCATCCTTCACAAG      
  CEBPα                                        Forward primer: 5′-GCTTTTTGCACCTCCACCTA
  Reverse primer: 5′-CTCTGGGATGGATCGATTGT      
  18s rRNA                                     Forward primer: 5′-CGGCTACCACATCCAAGGAA
  Reverse primer: 5′-GCTGGAATTACCGCGGCT        
  28s rRNA                                     Forward primer: 5′-TCATCAGACCCCAGAAAAGG
  Reverse primer: 5′-GATTCGGCAGGTGAGTTGTT      
  MALAT-1                                      Forward primer: 5′-CACTTGTGGGGAGACCTTGT
  Reverse primer: 5′-TGTGGCAAGAATCAAGCAAG      
  GAS5                                         Forward primer: 5′-GTTGAAAGGACAGTGCCACA
  Reverse primer: 5′-TTCAGACTTCCCACCCACTC      
  TAR-61                                       Forward primer: 5′-TCTGAATTGCCCATCTCTCC
  Reverse primer: 5′-CGTGCCTATGTTCCAATATCC     
  TAR-67                                       Forward primer: 5′-CAACACGTCTCAGTCTTTTTGC
  Reverse primer: 5′-ATGGACAGCCTCAGCCTAAA      
  TAR-79                                       Forward primer: 5′- AGAGCAGCTCAGTTTCAAACAA
  Reverse primer: 5′- TGAAATGATGGCTGGTGAAA     
  TAR-92a                                      Forward primer: 5′-CATGGCCTTGACAAGTTTGA
  Reverse primer: 5′- ATTGCAGTAGCCCGTAATGG     
  TAR-92b                                      Forward primer: 5′-CGATGTCCCAAAGGAAACAC
  Reverse primer: 5′- ACTTCCGTATCGGGGAGACT     
  TAR-104                                      Forward primer: 5′-ACAAGAAGAAGAGGCGGTCA
  Reverse primer: 5′-GAGGCCAGCAAGATCAGAAC      
  TAR-105                                      Forward primer: 5′-CTCAAATAATGGCGGTGCTT
  Reverse primer: 5′- TTGGTATGCGTGCTCTTCAG     
  TAR-115                                      Forward primer: 5′-GCCTCTGGGGGAATACAAAT
  Reverse primer: 5′- CCCACCAGGGTTCTCAGTAA     
  TAR-116                                      Forward primer: 5′- GCCACAGCACTAGGGAAGAC
  Reverse primer: 5′- ACAGTCATGCGTGAAAGCAG     
  TAR-157                                      Forward primer: 5′- TACCATGTCGGTCCCATTTT
  Reverse primer: 5′- TGTGCCAAGTCTTCAGGTTG     
  TAR-184                                      Forward primer: 5′-TGAGTTCCCAAAGGACAAGG
  Reverse primer: 5′-CGGCTAATGCTTTCTTCCTG      
  mdm2:                                        Forward primer: 5′-CCACCACACAACCTAGCTGA
  Reverse primer: 5′-GCCTTTGCATGTATTTTAAGTGA   
  TAR-190                                      Forward primer: 5′-CCTGCCCTTCACAAAGAAAA
  Reverse primer, 5′-GAACTTTGAAGGCCGAAGTG      
  TAR-340                                      Forward primer, 5′-AAACTGTTTGATCCCGCAAA
  Reverse primer, 5′-TGCCTTTAGATATGGCACTAGGA   
  TAR-399                                      Forward primer, 5′-ATGGCCCAAATTGTTTGCTA
  Reverse primer, 5′-GCACAAAAATGATCCCTCAGA     
  -------------------------------------------- --------------------------------------------

###### **Table 2.** siRNA sets

  Orientation named                               Full-length named    Sequence
  ----------------------------------------------- -------------------- -------------------------------------------
  siRNA-01                                        slincRAD-B1-siRNA    sense strand: 5′-CAACUAGGCUUCACAAAUAtt-3′
  antisense strand: 5′-UAUUUGUGAAGCCUAGUUGtt-3′                        
  siRNA-02                                        slincRAD-B2-siRNA    sense strand: 5′-GGGAAUUACUCAGGAAGAUtt-3′
  antisense strand: 5′-AUCUUCCUGAGUAAUUCCCtt-3′                        
  siRNA-03                                        slincRAD-B3-siRNA    sense strand: 5′-CCUGAGUAAUUCCCUUUAUtt-3′
  antisense strand: 5′-AUAAAGGGAAUUACUCAGGtt-3′                        
  siRNA-04                                        slincRAD-B4-siRNA    sense strand: 5′-CCACGGGAAAUAACUCUUUtt-3′
  antisense strand: 5′-AAAGAGUUAUUUCCCGUGGtt-3′                        
  siRNA-05                                        slincRAD-B5-siRNA    sense strand: 5′-CCGUGUUCCAUACAGUUAAtt-3′
  antisense strand: 5′-UUAACUGUAUGGAACACGGtt-3′                        
  siRNA-06                                        slincRAD-B6-siRNA    sense strand: 5′-GGAAGAUUCCCUCUGCGUUtt-3′
  antisense strand: 5′-AACGCAGAGGGAAUCUUCCtt-3′                        
  siRNA-07                                        slincRAD-B7-siRNA    sense strand: 5′-GCAAAUGCCUGCUGACUAAtt-3′
  antisense strand: 5′-UUAGUCAGCAGGCAUUUGCtt-3′                        
  siRNA-08                                        slincRAD-B8-siRNA    sense strand: 5′-CCAGUAAUGGUGCGUGCAAtt-3′
  antisense strand: 5′-UUGCACGCACCAUUACUGGt-3′t                        
  siRNA-09                                        slincRAD-B9-siRNA    sense strand: 5′-GCGUGGAUGUGGAGAAAGAtt-3′
  antisense strand: 5′-UCUUUCUCCACAUCCACGCt-3′t                        
  siRNA-10                                        slincRAD-B10-siRNA   sense strand: 5′-CAUCAAAGGCUUAAAGAUAtt-3′
  antisense strand: 5′-UAUCUUUAAGCCUUUGAUGtt-3′                        
  siRNA-11                                        slincRAD-B11-siRNA   sense strand: 5′-GCUCUGGAGUGUUGUUUAAtt-3′
  antisense strand: 5′-UUAAACAACACUCCAGAGCtt-3′                        
  siRNA-12                                        slincRAD-C12-siRNA   sense strand: 5′-CCUAGCAGAAACUAAACUUtt-3′
  antisense strand: 5′-AAGUUUAGUUUCUGCUAGGtt-3′                        
  siRNA-13                                        slincRAD-C1-siRNA    sense strand: 5′-GCAGCUGAGCAGUGAUCUUtt-3′
  antisense strand: 5′-AAGAUCACUGCUCAGCUGCtt-3′                        
  siRNA-14                                        slincRAD-C2-siRNA    sense strand: 5′-GGAAGAGGAUGACUAGGAAtt-3′
  antisense strand: 5′-UUCCUAGUCAUCCUCUUCCtt-3′                        
  siRNA-15                                        slincRAD-C3-siRNA    sense strand: 5′-GGAUUAGUGUGGCAGAUUAtt-3′
  antisense strand: 5′-UAAUCUGCCACACUAAUCCtt-3′                        
  siRNA-16                                        slincRAD-C4-siRNA    sense strand: 5′-GCUAAUCUGCCACACUAAUtt-3′
  antisense strand: 5′-AUUAGUGUGGCAGAUUAGCtt-3′                        
  siRNA-17                                        slincRAD-C5-siRNA    sense strand: 5′-CCACUACCCGCCAUGAUUUtt-3′
  antisense strand: 5′-AAAUCAUGGCGGGUAGUGGtt-3′                        
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lncRN

:   long non-coding RNA

lincRNA

:   long intergenic non-coding RNA

RPKM

:   reads per kilo bases per million reads

PPARγ

:   peroxisome proliferators activated receptor gamma

C/EBPα

:   CCAAT/enhancer-binding protein alpha

TAR

:   transcriptionally active region
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